Then, we discuss the role of oxidative stress in the pathophysiology of varicocele-related infertility. Third, we present an overview of sperm DNA fragmentation and explain the association between oxidative stress-mediated sperm DNA fragmentation and varicocele. Finally, we summarize the clinical evidence of an association between varicocele treatment and alleviation of oxidative stress and improvement of DNA integrity of the male gamete.
INTRODUCTION
Varicocele is a vascular abnormality of the testicular venous drainage system. It is manifested by a mass of abnormally dilated and tortuous veins of pampiniform and/or cremasteric venous plexus. It represents the most common cause of primary and secondary infertility in men.
Infertility is a major clinical problem and affects 13%-15% of couples worldwide. 1 Male infertility attributes to approximately 50%-60% and varicocele alone accounts for 35% of the cases. 2 The incidence of clinical varicocele was 25.4% in men with abnormal semen and 11.7% in men with normal semen. 3 Varicoceles are considered the most common surgically correctable cause of male factor subfertility. Varicocelectomy results in improvement in semen parameters and natural pregnancy in 60%-80% and 20%-60% of couples, respectively. 4 Despite the clear association between varicocele and male subfertility, skepticism persists. Some investigators also questioned the role of varicocelectomy in the era of assisted reproduction. A better understanding of the pathophysiology of varicocele-associated male subfertility is of paramount importance to elucidating the deleterious effects of varicocele on spermatogenesis and possibly formulating new treatment strategies. It also helps the selection of appropriate patients who will benefit from the treatment of varicocele.
In this review, we examine the role of oxidative stress in varicocele-associated male infertility, including its obvious association with sperm DNA fragmentation. First, we present a brief overview on the etiology of varicocele and the implications of ROS to male infertility.
INVITED REVIEW
Novel insights into the pathophysiology of varicocele and its association with reactive oxygen species and sperm DNA fragmentation in the left spermatic cord. On the contrary, recent data indicate that bilateral palpable varicocele is found in >50% of the affected men. 6 Such data are in agreement with venographic studies that show bilateral abnormal venous reflux in 84%-86% of men with varicocele. 7, 8 In contrast, isolated right-sided varicocele is found in only 2% of patients and may be associated with the presence of an obstructive lesion, such as a retroperitoneal or pelvic compressive mass. 8 Vast majority of men do not develop a varicocele despite the universal anatomic relationships. There must be other active mechanism.
Absence of valves in the testicular veins has been documented and believed to be a significant contributing factor to the development of varicoceles. 9 However, other investigators found that 26.2% of the patients with competent valve system still had a varicocele, being an evidence against the mechanism.
10 Incompetent or absent valves probably contribute to the pathogenesis of varicoceles, but they are not the solely underlying cause.
Vascular contractions of the left testicular vein caused by reflux of catecholamines from left adrenal gland via left renal vein have been proposed as a contributing factor for the development of left varicocele. 11 However, the contraction of left testicular vein has never been demonstrated on venography.
Another possible etiological factor is the "nut cracker phenomenon, " which is the compression of the left renal vein between the aorta and the superior mesenteric artery. The incidence is found to be 0.7% on venographic study, making it an unlikely cause of most varicoceles. 10 Rarely, development of left varicocele is secondary to renal or retroperitoneal tumors which exert pressure on the left renal and/or testicular veins. In summary, the etiology of varicocele is not fully understood and none of the above hypotheses can explain the occurrence of bilateral varicoceles in some patients.
OXIDATIVE STRESS (OS) AND REACTIVE OXYGEN SPECIES (ROS)
The presence of free radicals in spermatozoa and its possible implication in male infertility have been reported since 1943. 12 Free radicals are normally formed during the intermediate steps of cellular metabolism. Superoxide anion radical (O   2− ) is formed when an extra electron is added to molecular oxygen (O 2 ). The superoxide anion can be converted to other nonradicals, for example, hydrogen peroxide (H 2 O 2 ), which are relatively stable powerful oxidants. Some ROS contains nitrogen atoms such as NO, NO 3− , NO − , N 2 O, and HNO 3 . These are the common free radicals in human semen, and they are collectively known as reactive oxygen species. Free radicals are very unstable due to the presence of one or more unpaired electrons. They are very reactive in the presence of amino acids, lipids, and nucleic acids. 13 Multiple studies have demonstrated the deleterious effects of ROS on sperm function. Also, there are studies showing elevated ROS levels in 30%-80% of infertile men. [14] [15] [16] However, a physiologic level of ROS is essential for successful fertilization by regulating sperm capacitation. 13 A balanced cellular environment is maintained by the presence of scavenging system via enzymatic and nonenzymatic antioxidant pathways. OS is the result of imbalance of ROS and protective antioxidant system and is more likely due to a supraphysiological level of ROS rather than a low level of neutralizing antioxidants. 17 ROS and OS probably act as the common pathway in the pathogenesis of testicular damage and male subfertility. Increase in OS has been demonstrated in clinical conditions related to male subfertility including varicocele, 18 cryptorchidism, 19 testicular torsion, 20 genitourinary tract infection, and inflammation.
21

Sources of ROS
Human spermatozoa generate ROS via aerobic metabolism. Impaired spermatogenesis and abnormal spermatozoa can produce excess ROS. 22 OS may also affect normal spermatozoa when they come into proximity with ROS-producing abnormal sperm. 23 Leukocytes are recognized as another major source of ROS in semen. Activated leukocytes produce 100-fold higher ROS than nonactivated leukocytes in situations like genitourinary tract infection and inflammation. Increased leukocytes in semen may also stimulate human spermatozoa to produce ROS.
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Effects of OS OS exerts its negative effect by various mechanisms. ROS target cell membranes and increase peroxidation of membrane polyunsaturated fatty acids. The resultant reduced membrane fluidity has a detrimental effect on the structure of sperm head and midpiece membrane, ultimately leading to suboptimal motility and fertilization. 25 Damage to axonemal proteins causes rapid depletion of adenosine triphosphate and decreased phosphorylation of axonemal proteins which may be another cause of impaired sperm motility. 26 Spermatozoal nuclear and mitochondrial DNA is another important site of action of ROS. 27 The damage to DNA can occur both on an amino acid or the backbone. 28 Excessive ROS overwhelms the protective mechanisms and enzymes in sperm and oocyte that repair damaged DNA. The damage can be evident in the Yq chromosome where the AZF region is located. 29 This can result in azoospermia in the offspring.
Excessive ROS can induce apoptosis in mature spermatozoa. 30 Abnormal apoptosis may allow persistence of abnormal spermatozoa. 31 The findings may explain the clinical presentation of oligo-and/or teratozoospermia in patients with male subfertility and elevated OS. Elevated seminal OS in infertile men suggests that it plays a role in the impairment of sperm structural characteristics and functional capacities via several mechanisms. It is illustrated by the fact that elevated ROS levels are associated with impairment of sperm count, motility, morphology, and DNA integrity. 32 The effect of sperm DNA damage on embryonic development, pregnancy, and offspring is of concern though the clinical evidence is still diverse.
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Measurement of OS
Seminal OS level is not measured directly. Elevated OS is reflected by excess ROS or lack of antioxidant capacity to buffer the ROS.
Measurement of ROS can be achieved by direct or indirect assays. Direct ROS assays include chemiluminescence, nitro blue tetrazolium test, ferricytochrome C reduction method, flow cytometry, electron spin resonance, and xylenol orange-based assay. The amount of oxidation within the sperm cell membrane reflects the net oxidative imbalance between ROS production and the antioxidant concentration in semen. 34 Direct ROS assays are costly, which limit their clinical application, but they offer accurate results. 35 Unlike the direct methods, indirect assays measure the stable downstream end products of the peroxidative process or DNA damage. In addition to the value as a surrogate marker of OS level, indirect assays provide information of ROS-related damage. 36 Indirect assays include Endtz test, redox potential, and isoprostane method. Most of the ROS tests do not differentiate the source of ROS, i.e., leukocytes versus spermatozoa.
It is feasible to measure levels of individual antioxidants and the total antioxidant status of semen. Total antioxidant capacity (TAC) assesses the cumulative reducing ability of all antioxidants present in the semen. The reaction of seminal antioxidants against an oxidative reagent is measured by calorimeter or spectrophotometer. 37 The lack of predictive value limits the application of TAC alone to routine infertility evaluation. 38 ROS-TAC score has been proposed as a more predictive parameter than ROS levels or TAC alone. 39 A lower score in infertile men is correlated with a higher risk of prolonged inability to conceive.
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VARICOCELE AND OXIDATIVE STRESS
Current evidence supports oxidative stress as a key element in the pathophysiology of varicocele-related infertility. The negative impact of OS on spermatozoa is evident although the mechanisms have not yet been fully described. The close relationship between varicocele and OS was demonstrated by the higher level of ROS, NO, and lipid peroxidation products in infertile men with varicocele than infertile men without varicocele. 41 Several studies have also shown that fertile men with varicocele are more likely to have elevated OS in the reproductive tract compared to their counterpart without varicocele. 42 A comprehensive review on oxidative stress in varicocele-associated infertility can be found elsewhere. 29 
Effects of left varicocele on the ipsilateral testicle
Scrotal hyperthermia
Scrotal hyperthermia is the most widely accepted theory supported by evidence. Varicoceles are thought to induce the elevation of scrotal temperature by reflux of warm abdominal blood through incompetent valves of the internal spermatic veins and cremasteric veins into the pampiniform plexus. The effect of varicocele is consistently demonstrated in varicocelized animal models. Significant elevation in testicular temperature resulting in decreased intratesticular testosterone levels and Sertoli cell secretory function was reported. 43, 44 The noxious impact of increased testicular temperature on Leydig cell secretory function has also been demonstrated. 45 Varicocelectomy reduced testicular temperatures in the rat and rabbit models. 44, 46 Unlike the animal models, humans showed greater diversity. A significant difference in the mean left hemiscrotal temperature and sperm count has been demonstrated between men with varicoceles and controls. 47 However, the overlap in temperatures between patients and controls was considerable.
Spermatogonia type B and developing spermatozoa are more vulnerable to heat stress compared to Sertoli and Leydig cells since the former have never been exposed to high temperature in utero. Spermatogenesis is optimal at temperature 2.5°C lower than core body temperature and heat stress can lead to impaired spermatogenesis.
The direct temperature-dependent relationship between heat exposure and ROS generation has been demonstrated in various studies. Varicocele grade has been correlated with seminal ROS level. 48 ROS production from mitochondria, plasma membrane, cytoplasm, and peroxisome increases in the presence of heat stress. 49, 50 Enhanced production of mitochondrial ROS may be mediated by direct thermal inhibition of mitochondrial complexes which result in the transfer of electrons to molecular oxygen, and thus formation of ROS and inhibition of adenosine triphosphate synthesis. 51 Enhanced NO production by heat-induced upregulation of inducible nitric oxide synthase (iNOS) may be contributed to the varicocele-associated testicular damage. It was shown that the levels of seminal NO and NOS are elevated in infertile men with varicocele. Excessive NO can result in sperm immobility and apoptosis of testicular sperm. 52 Other possible mechanisms relating scrotal hyperthermia and ROS production include increased activity of xanthine oxidase, 53 repression of cytoprotective heme oxygenase 1, 54 and insufficient heat shock proteins. 55 
Testicular hypoxia
Study of fluid mechanics by venographic pressure and histopathology studies proposed that testicular tissue ischemia could occur if venous pressure of internal testicular vein exceeds the testicular arteriolar pressure. Histologic features of ischemia and arteriolar microthrombi were revealed on histologic examination of testicular tissue biopsies. 56 Cellular response to hypoxia is mediated by hypoxia inducible factor 1 (HIF-1). The involvement of HIF pathway in pathogenesis of varicocele-induced testicular damage is evidenced by the high levels of HIF-1 alpha in the internal spermatic veins of infertile men with varicocele. 57 Hypoxia may also lead to increased expression of cytokines in testicular tissue. Association between proinflammatory interleukin (IL) 6 has been shown in infertile men with varicocele. 58 Higher incidence of leukocytospermia was noted in infertile men with varicocele. 59 The presence of cytokines and inflammatory cells in seminal fluid may exert toxic effects on sperm since leukocytes are a major source of ROS.
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Reflux of adrenal or renal metabolites It was hypothesized that retrograde flow of adrenal catecholamines to testicular vein results in damage to spermatogenesis. 61, 62 There was also a report of elevated prostaglandins in spermatic venous blood in varicocele patients as a result of reflux of renal venous blood. 63 However, the literature does not unequivocally support the theory that retrograde blood flow through the left testicular vein is the major cause of varicocele-associated subfertility. Left adrenalectomy in varicocelized rats did not inhibit the development of physiologic changes in the testis related to varicocele. 64 Although the role of reflux in the pathogenesis is uncertain, prostaglandins and renal and adrenal metabolites can induce cellular OS in various human cell cultures. 63 
Cadmium accumulation
Significantly elevated cadmium levels in testicular biopsy samples in infertile men with varicoceles have been reported. The level of cadmium is inversely related to the increase in sperm concentration after varicocelectomy. 65 Cadmium may exert its negative effect on spermatogenesis by reducing zinc concentration and enhancing ROS production. 66 
Epididymal response
Epididymis is involved in sperm maturation and transportation. Various cell types lining the epididymal tubules are capable of generating ROS. The redox microenvironment is maintained by the counteracting antioxidants. 67 Hypoxia and heat stress are the possible triggers for the imbalance between ROS and antioxidant in the epididymal tubules. Ultrastructural changes and apoptosis of principal epididymal cells in varicocelized animal model indicate both testicular and epididymal involvement in the pathogenesis of impaired spermatogenesis. 68 Insufficiency of the hypothalamo-pituitary-gonadal axis is another theory that has been proposed as a cause of varicocele-associated male subfertility. 69 This suggests the presence of other possible mechanisms in which ROS pathway is not involved.
Collectively, these data suggest that scrotal hyperthermia and ROS pathway have an important role in the pathophysiology, but the underlying mechanisms may be multifactorial. Figure 1 summarizes the etiologies of varicocele and the central role of oxidative stress in the pathogenesis of varicocele-associated male subfertility.
Effects of left varicocele on the contralateral testicle
The bilateral adverse effects were demonstrated in animal models and were not mediated through ipsilateral testis. 70 The detrimental effects appear to be mediated by the sympathetic nervous system. Bilateral testicular degeneration and increase in tissue hypoxia were prevented by chemical sympathectomy.
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SPERM DNA FRAGMENTATION DNA damage in male gamete is a major contributor to infertility, poor outcome in assisted reproductive technology (ART) treatment, 72 miscarriage, and birth defects in the offspring. 73 Among the different DNA anomalies, DNA fragmentation is the most frequent.
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Mechanisms DNA fragmentation of germ cells may occur in the testis and excurrent duct system. Abortive apoptosis 75 and defective maturation 76 theories were proposed to explain the generation of DNA fragmentation in testicular sperm. There is evidence showing that there are more DNA fragmentation in epididymal and ejaculated sperm than in testicular sperm. 77, 78 And therefore, other mechanisms are involved in the generation of DNA fragmentation outside the testis.
ROS is considered the major cause of sperm DNA fragmentation (SDF). The positive relationship between ROS production and SDF in semen samples has been demonstrated. 79 The source of oxidative stress (OS) responsible for creation of DNA damage has been discussed previously. Both mitochondrial and sperm nuclear DNA are potential targets of attack by ROS. While mitochondrial DNA is more vulnerable to ROS attack, 80 a sperm nuclear DNA damage carries a higher clinical significance. Sperm nuclear DNA, unlike mitochondrial DNA, is tightly packed with protamines. The DNA damage is, therefore, a balance between oxidative stress and the inherent sperm susceptibility to DNA damage. 73 This hypothesis is supported by the findings of a close relationship between efficiency of sperm chromatin protamination and degree of oxidative DNA damage. 81 According to this theory, the first step in the DNA damage cascade constitutes of defects in chromatin remodeling leading to a reduction in the efficiency of protamination before chromatin is attacked by ROS in the second step. 82 This includes ROS-triggered apoptotic events during sperm maturation within the epididymis that is later exacerbated by endogeneous redox reaction in the seminal plasma. 29 
Measurement
Sperm DNA fragmentation can be detected by flow cytometry and/or fluorescence microscopy. Among the commonly utilized techniques, sperm chromatin structure assay (SCSA) measures DNA denaturation by flow cytometry while terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP nick-end labeling (TUNEL) assay uses either flow cytometry or microscopy in measuring DNA breaks following fluorescent enzymatic labeling. A variation of SCSA method that has been adapted to both bright and fluorescence microscopy is the sperm chromatin dispersion (SCD) assay. 83 SCD assay is based on producing a controlled and species-specific DNA denaturation to produce single-stranded DNA stretches from any DNA break, coupled with controlled species-specific protein depletion. 78 The lack of standardization of the various methods, except SCSA, made the comparison of results difficult. Different methods may reveal different types of DNA breaks. The SCSA is notably an expensive technique to set up, owing to the need for flow cytometry and specialized personnel. However, SCSA becomes more cost-effective if articulated with an external central laboratory. TUNEL test using flow cytometry is an advanced technique used by many investigators, but test results lack strict reference values. 84 However, a modified TUNEL protocol using bench top flow cytometer allows accurate measurement of DNA damage in a large number of samples. 85 While the COMET assay is very informative because it is possible to analyze the different types of DNA damage in a single cell, the method is not suited for rapid diagnosis and requires highly specialized personnel to analyze the results. On the contrary, SCD method is relatively inexpensive, rapid to use, and versatile since it can be conjugated with the simultaneous detection of DNA and protein damage. A comparison of the various techniques for sperm DNA fragmentation test, including advantages and shortcomings is provided elsewhere. 72 It has been our experience that all the techniques can provide reliable results to discriminate men with different levels of SDF provided internal controls and proper standardization is carried out. 74, 84, 86 Implications of DNA fragmentation Sperm DNA fragmentation reflects to a certain extent, poor quality sperm. 87 On the other hand, the fact that sperm with high DNA fragmentation can have normal motility and morphology suggests additional prognostic value of the assessment. The probability of in vivo pregnancy is reduced with higher DNA fragmentation in sperm. 88 A DNA fragmentation index of more than 30% as measured by SCSA is associated with lower clinical pregnancy and delivery in intrauterine insemination cycles. 89 However, the impact of sperm DNA integrity on the outcome of in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) is less clear. It appears that sperm with fragmented DNA retains the ability to fertilize oocytes. 90 Although some degree of DNA repair by the oocyte is possible, the relationship between sperm DNA fragmentation and birth defect in offspring is of concern. Increased rates of aneuploidy were found to be associated with elevated sperm DNA fragmentation rates. 91 It was also shown in mouse models that high levels of sperm DNA damage can result in premature aging, aberrant growth and behavior, and increased incidence of tumors in offsprings. 92 On the contrary, sperm DNA fragmentation rates have been shown to be 5-fold lower in testicular than ejaculated sperm, and reproductive outcome of couples undergoing ICSI with testicular sperm was found to be superior as compared to ejaculated sperm.
78 Figure 2 illustrates the possible etiologies of DNA fragmentation and its consequence.
Sperm DNA fragmentation and varicocele
A number of studies have examined the association between varicocele and SDF. Fertile and infertile men with varicocele tend to have higher SDF than controls, thus suggesting that varicocele itself is associated with DNA damage even when fertility has not been compromised. 93 Characterization of SDF in ejaculates of men with varicocele using the sperm chromatin dispersion test revealed two distinctive sperm subpopulations within the cluster of fragmented spermatozoa; namely, standard fragmented sperm and degraded sperm (DDS). 94 Spermatozoa with degraded DNA exhibit a ghost-like morphology owed to extensive material loss after technical processing, resulting from massive single-and double-strand DNA breaks as well as nuclear protein damage. Although degraded DNA sperm is regularly seen in normal individuals at low frequencies ranging from 1% to 4%, as well as in infertile males, its frequency was shown to be 8 times higher in patients with varicocele compared to controls. 95 Using receiver operating characteristics (ROC) analysis, DDSi, defined as the proportion of degraded sperm in the whole population of spermatozoa with fragmented DNA, was shown to be able to identify patients with varicocele with 94% accuracy, thus suggesting a possible role of the test to select candidates for early intervention.
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CLINICAL ASSOCIATIONS BETWEEN ROS AND SPERM DNA FRAGMENTATION PRE -AND POST-VARICOCELE TREATMENT
The benefit of varicocelectomy has been clearly demonstrated in meta-analyses. A significantly higher chances for pregnancy after varicocelectomy than either no treatment or medication in patients with clinical varicoceles and at least one abnormal semen parameter (OR: 2.87; 95% CI: 1.33-6.20; P < 0.001) was reported. 96 However, given that not all patients with varicoceles are infertile, treatment of varicocele will not benefit all men. No beneficial effect of varicocele repair on fertility potential could be demonstrated in men with subclinical varicocele. 97 Furthermore, varicocelectomy in men with varicocele and normal semen parameters did not show a clear benefit over observation. 98 The surgical technique of choice is microsurgical subinguinal or inguinal approach since higher pregnancy rates and lower recurrence rates have been reported. 99 
Oxidative stress
Varicocelectomy has been shown to alleviate OS by reducing or normalizing OS markers in spermatozoa of infertile men with varicocele. 41, 100 Improvement in levels of seminal and peripheral blood plasma TAC and seminal antioxidants have been demonstrated. 101 The beneficial effect of varicocele repair is time-dependent. It is generally believed that alleviation of OS and DNA fragmentation may take up to 6 months to occur after repair of varicocele. 100 A comprehensive review into the effect of varicocele treatment and oxidative stress markers has been presented elsewhere.
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Sperm DNA fragmentation Studies examining sperm DNA damage and pre-and post-varicocele treatment indicate that patients with varicoceles have significantly higher sperm DNA damage than controls, with a mean difference of 9.84% (95% CI: 9.19-10.49; P < 0.00001). [103] [104] [105] It has been also shown that varicocelectomy decrease sperm DNA fragmentation with a mean difference of −3.37% (95% CI: −4.09-−2.65; P < 0.00001) compared to no treatment. 105 It was also shown that varicocelectomy is associated with increased sperm DNA integrity postoperatively in adolescents. 106 Due to the low magnitude of the effect size and heterogeneity of methods to evaluate SDF, further research is needed to elucidate the clinical significance of varicocelectomy on sperm DNA damage. At present, varicocele repair remains a viable option to decrease SDF, and, therefore, to restore or improve fertility. Sperm DNA fragmentation testing might be appropriate for controlling the postoperative outcomes after varicocele repair.
Antioxidant therapy
The understanding of OS as the central pathway in the pathogenesis of testicular damage in men with varicocele makes medical therapy, in the form of antioxidant or anti-inflammatory therapy, an attractive option. The enthusiasm was further escalated by the finding that Vitamin E effectively reduces seminal ROS levels in the varicocele rat model. 107 Physiologic antioxidants are present in the seminal plasma. They can be classified as enzymatic and nonenzymatic antioxidants. Other sources of antioxidants are food or supplements in the form of either natural or synthetic antioxidants.
A statistically significant increase in live birth rates in unselected subfertile couples who underwent antioxidant therapy was suggested by a Cochrane Collaboration review, though the effect of antioxidants on semen parameters was not clear. 108 Among the extensive list of substances studied, carnitines, Vitamins C and E have been shown to be beneficial in multiple studies. 109, 110 Glutathione, selenium, and coenzyme Q10 may be potentially helpful as suggested by a few studies. 110 However, many of the studies are limited by methodologic flaws, including small sample size, short duration, lack of randomization, lack of double-blinded and placebo-controlled, nonstandardization of supplement regimen, and lack of control of baseline dietary consumption. 110 As far as varicocele is concerned, few studies have explored the role of antioxidants as a therapeutic alternative or adjuvant therapy in varicocele. Collectively, limited data support the beneficial effect of improving the antioxidant defense system by exogenous antioxidant administration.
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CONCLUSIONS
The correlation between varicocele and OS and the negative impact of OS on spermatozoa suggest the central role of OS in the pathogenesis of varicocele-associated male subfertility. The exact mechanism of how varicoceles lead to an increase in ROS production awaits further clarification. It has been hypothesized that the detrimental effect OS on pregnancy outcomes is at least partly mediated by sperm DNA fragmentation. The understanding of OS as a central element in the pathophysiology of varicocele-associated infertility opens the possibility to rationalize and select treatments for individual patients. Better standardization of ROS/TAC and DNA fragmentation testing will allow the widespread utilization of such testing as surrogate markers of oxidative stress in varicocele.
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